Because background radiation in an irradiation room creates a problem with the PG-SPECT (Prompt Gamma-ray Single Photon Emission Computed Tomography) system, which evaluates the absorbed dose for the Boron Neutron Capture Therapy treatment, optimization of a collimator system was performed while taking the shielding of background gamma-rays into consideration. Assuming that a parallel-beam collimator is used, three parameters -the diameter of a hole, the length of the collimator, and the number of detectors (the number of holes of the collimator) -were selected for optimization. Because the combinations of these parameters are limitless, it is difficult to determine them simultaneously. Therefore, a statistically derived Optimization Criterion has been proposed to optimize these parameters. When the spatial resolution was 1 cm-FWHM (full width at half maximum), the optimal diameter of the collimator was 5.4 mm, the optimal length was 321 mm, and the optimal number of detectors was 31 × 31.
INTRODUCTION
While the number of deaths from cancer has recently been increasing, various cancer treatment methods have been developed. Among them, Boron Neutron Capture Therapy (BNCT), which is effective for brain tumors and malignant melanomas 1) , is highly valued because the quality of life after a treatment is good 2, 3) .
For BNCT, the following method is used to evaluate the absorbed dose of an affected part: 1) A gold wire is implanted near to the affected part, and the neutron flux there is mea-*Corresponding Author: Phone; +81-82-257-5884, Fax; +81-82-257-5873, E-mail: masayori@hiroshima-u.ac.jp sured from the activated gold wire.
2) The concentration of 10 B in blood before and during irradiation is measured using the prompt gamma-ray counting method 4) to estimate the concentration of 10 B in the affected part.
3) The absorbed dose rate of the affected part is calculated from the neutron flux and the concentration of 10 B obtained using the above method to estimate the absorbed dose by irradiation. Since this method requires at least 15 minutes for activation, a minimum of about 30 minutes is necessary to evaluate the absorbed dose. It is also expected that the absorbed dose evaluated using the above method may be greatly influenced by the conditions of patients and any change in the output of the nuclear reactor.
Another way to measure the absorbed dose is to use prompt gamma-rays emitted from the 10 B(n, αγ) 7 Li reaction. We considered applying the Single Photon Emission Computed Tomography (SPECT) technique to these prompt gamma-rays 5) . In other words, the distribution of the absorbed dose could be visualized by counting the prompt gamma-rays around a patient. We named this new dose-estimation system Prompt Gamma-ray SPECT (PG-SPECT), and are conducting a study 6) .
Since the PG-SPECT system will be installed in the BNCT irradiation room, much background radiation exists. As shown in Fig. 1 , upon the incidence of background gamma-rays, which are mainly prompt gamma-rays from the H(n, γ)D reaction, and whose Bq-equivalent intensity of about 10 MBq/cm 3 occurred in vivo, background noise will occur due to Compton scattering. Therefore, it is necessary for the PG-SPECT system to have a collimator system which takes background noise into account. In this paper, we report on an optimization method for a collimator system, especially for the PG-SPECT system. 
MATERIALS AND METHODS

Detector selection for PG-SPECT
As detectors for the PG-SPECT system, a NaI scintillation detector, a BGO (Bi 4 Ge 3 O 12 ) scintillation detector, a HP-Ge (High Purity Germanium) semiconductor detector, a CZT (Cd 0.96 Zn 0.04 Te) semiconductor detector, and others can be considered 7) . Regarding the PG-SPECT system, we need to note the following points in selecting a detector because measurements must be made under the condition that neutrons and gamma-rays coexist abundantly.
Neutron damage
Although neutrons are basically shielded by shielding materials to some extent, neutrons cannot be completely shielded. Semiconductor detectors, such as the HP-Ge and the CZT, are not suitable for PG-SPECT because their performance deteriorates severely by activation. In contrast, there is not much change caused by activation in the performance of scintillators, such as the NaI and the BGO detectors. However, since 23 Na has a rather large cross section of about 0.47 [barn] for thermal neutrons, gamma-rays (1,369 keV and 2,754 keV) emitted from activated 24 Na would be added as background gamma-rays, which would make the NaI scintillator an unfavorable detector for the PG-SPECT. As for the BGO detector, the energies of gamma-rays emitted from 75 Ge and
77
Ge activated by thermal neutrons are lower than that of the signal gamma-rays; therefore, influence by activation is not a problem. Thus, considering the influence by neutrons, the BGO scintillation detector is suitable for the PG-SPECT.
Counting efficiency
Since the total count per slice has large implications on the accuracy of the reconstructed images with SPECT measurements 8) , a higher counting efficiency is better. When the same sizes of detectors were compared for 478 keV gamma-rays, the BGO scintillation detector showed the highest counting efficiency, followed by CZT, NaI, and Ge detectors, in that order. However, at this stage it is impossible to develop a large semiconductor for the CZT detector. Therefore, the BGO scintillation detector is advantageous, considering the counting efficiency, including the size of the detector.
Energy resolution
As shown in Fig. 1 , it is desirable to have a detector with better energy resolution to distinguish 511 keV annihilation gamma-rays, because gamma-rays emitted from the 10 B(n, αγ) 7 Li reaction have an energy of 478 keV. Of these detectors, the HP-Ge and CZT semiconductor detectors have energy resolutions sufficient to distinguish 478 keV gamma-rays from 511 keV gamma-rays. Generally, the energy resolution of a scintillation detector is inferior to that of a semiconductor detector: about 10% for the NaI detector and about 18% for the BGO detector. Hence, how to handle annihilation gamma-rays is a problem with scintillation detectors.
Elimination of background noise
With regard to PG-SPECT measurements, in addition to 478 keV signal gamma-rays, there are background gamma-rays with energies greater than 1 MeV. Upon the incidence of such gamma-rays with high energies on a detector, background noise due to Compton scattering appears around the signal peak in the pulse-height spectrum (Fig. 1) . Therefore, in order to accurately count signals, it is necessary to eliminate this background noise. There is a big difference in the moving velocity between an electron and a hole in the CZT semiconductor, for which the signal peak in the pulse-height spectrum tends to stretch toward lower energy. Therefore, the CZT detector is not favorable in terms of the elimination of background noise. With the HP-Ge, NaI, and BGO detectors, the pulse-height spectrum of mono-energy gammarays agrees with the Gaussian distribution; therefore, it is relatively easy to handle any background noise. When the theoretical pulse-height spectrum is known, it is also possible to reduce the standard deviation by analyzing the pulse-height spectrum 9) .
Cooling
It is desirable to cover the detector with shielding materials as much as possible because there are background gamma-rays in the PG-SPECT system. Therefore, a detector like the HP-Ge detector, which requires cooling by liquid nitrogen, has a disadvantage. Table 1 summarizes the above review results. According to Table 1 , the BGO scintillation detector is considered to be suitable for the PG-SPECT. In the discussions below, the optimization was made using the BGO scintillation detector. Since we only focus on the optimization of the collimator in this study, no optimization for the size of the BGO scintillator has been made. With a view to reducing excess background gamma-rays to count the signal gamma-rays efficiently, the same size of diameter as the hole of the collimator was used for the scintillator. The thickness of the scintillator was assumed to be 5 cm, because approximately 90% of 478 keV gamma-rays interact with a 5 cm-thick BGO scintillator according to the total interaction coefficient. However, the optimal scintillator size should be studied in the future.
Optimization method of PG-SPECT collimator system Collimator parameters
The PG-SPECT system proposed by Kobayashi et al. 6) consists of nine detector units, as shown in Fig. 2 . Although there are several kinds of collimators, such as parallel beam 10) , fan beam 11) , and cone beam 12) , we discuss in this paper only the parallel-beam collimator, which is the most basic. The parameters which determine the characteristics of the collimator are the diameter of the hole of the collimator (d), the length of the hole of the collimator (l), and the septal thickness between holes. Here, according to our design of the PG-SPECT, because the collimator surface is assumed to be 218 × 218 mm 2 , the septal thickness can be expressed by the number of detectors (i.e., the number of the holes of the collimator, (N D )). Therefore, we set the parameters for PG-SPECT to be d, l and N D , as shown in Fig. 3 . As a reconstruction method, the ML-EM (Maximum Likelihood Expectation Maximization) method should be used for the PG-SPECT system, because it is expected that the counting efficiency is low at each projection. Also, by using the ML-EM method, the number of detectors (N D ) can in theory be selected freely 13, 14) . In this study, assuming that the holes of the collimator were arranged in a square grid, and that separate detectors were installed in every hole of the collimator, we described the number of detectors to be arranged in one detector unit as n × n.
Optimization criterion
The way that the PG-SPECT system largely differs from the ordinary SPECT system is that there is background noise due to background gamma-rays. Therefore, in designing the collimator system, it is necessary to fully consider the shielding of these background gammarays. We thus proposed an Optimization Criterion to evaluate the performance of the collimator by considering statistically the background noise due to these background gamma-rays.
When the signal count is defined as x s , the background noise count as x b , and the signalto-noise ratio as R SN =x s /x b , the fractional standard deviation of the measurement counts (σ) is described as 7) (1)
Since the signal count (x s ) is proportional to the reaction rate of boron (R r ), the counting efficiency (E f ), including the influence by the collimator and the measurement time (T m ), Eq. 1 can be expressed as (2) where R r and T m have no relation to the parameters of the collimator. Then, Eq. 2 becoumes (3) Note that R SN is not a function of E f , because x b is also proportional to E f . Equation (3) describes the relative fractional standard deviation of the measurement counts by a single detector. As mentioned before, since the total count per slice has large implications on the accuracy of the reconstructed images with the SPECT measurements 8) , any evaluation of the collimator performance should be considered for all projections. Because the total count of the projections is proportional to N D , the following equation is obtained by extending Eq. Since Eq.(4) describes the relative fractional standard deviation of the measurement counts by the whole detector, we defined Optimization Criterion to be (5) which is to be used as a performance criterion for the PG-SPECT collimator system.
Spatial resolution and collimator parameters
Although E f is a function of d and l in Eq. 5, they are independent parameters; therefore, their combinations are limitless. In order to solve this problem, we directed our attention to the spatial resolution -one of the indicators for the performance of the SPECT system. The spatial resolution is mainly determined by d and l. Since l can be shown to be a function of d when the spatial resolution is fixed, E f can be shown to be a function of d alone.
Since the LEHR (Low Energy High Resolution) collimator in the usual SPECT system possesses a spatial resolution of 1 cm-FWHM (full width at half maximum) at the center of a measurement object, the same spatial resolution of 1 cm-FWHM is assumed for the PG-SPECT.
In order to describe l as a function of d, we must obtain a combination of d and l for which the spatial resolution at the center of a measurement object is set at 1cm-FWHM. To obtain combinations of d and l, a Monte-Carlo calculation was performed using the MCNP (Monte-Carlo N-Particle transport code system), version 4B 15) . The geometry for the calculation is shown in Fig. 4 . A 478 keV gamma-ray point source (A) was located on the collimator axis at 30 cm from collimator surface; another 478 keV gamma-ray point source (B), whose intensity is the same as point source (A), was located 5 mm away from the collimator axis at 30 cm from the collimator surface. We therefore surveyed combinations of d and l on the condition that the counting efficiency of the gamma-rays from point source (B) be half that from point source (A). The diameter of the collimator holes was changed from 1 mm to 6.7 mm at 0.1 mm intervals. In view of producing an actual machine, we assumed a tungsten alloy (Heavy Metal F-18 (W, 95 wt%; Ni, 3 wt%; Cu, 2 wt%; density, 18.0 [g/cm 3 ]) manufactured by Mitsubishi Material Corporation) to be used as the material for the collimator. The results of the calculation are shown in Fig. 5 . The open circles in the figure show the relation between the diameter and the length of the collimator, which meets the requirement of 1 cm-FWHM, and the solid circles show the counting efficiency. This figure indicates that the necessary length of the collimator becomes longer as the diameter of the collimator becomes larger. The counting efficiency peaked when the diameter of the collimator was 5.0 mm. When the septal thickness between the collimator holes is thin, we must pay attention to the influence of the signal gamma-ray through the adjacent collimator hole. However, when the septal thickness is more than 0.5 mm, the signal gamma-ray through the adjacent collimator hole can be suppressed to about 0.1 % in the case of 1 mm or larger diameter of the hole of the collimator. Furthermore, as shown in Fig. 5 , since l becomes longer as d becomes larger, the influence of the signal gamma-rays through the adjacent collimator hole is negligible. 
Background gamma-ray and signal-to-noise ratio
Possible major background gamma-ray sources for the BNCT treatment are gamma-rays generated from a reactor core or an accelerator target as well as 2.22 MeV prompt gammarays emitted from the H(n,γ)D reaction in vivo. Gamma-rays generated from the reactor core or the target can be shielded to some extent. Problems are prompt gamma-rays from hydrogen included in the patient. These gamma-rays, which reach the detector through the holes of the collimator, cannot be completely shielded. In a typical BNCT treatment, more 2.22 MeV gamma-rays from the H(n,γ)D reaction are generated (by about 5-100 times) than 478 keV gamma-rays from the 10 B(n,α) 7 Li reaction. Therefore, in this study, prompt gamma-rays emitted from hydrogen in vivo were treated as major background gamma-rays. Figure 6 shows the pulse-height spectrum of signal and background gamma-rays which were calculated by MCNP 4B assuming a 5 mmφ × 5 cm BGO scintillation detector. As shown in the top of Fig.  6 , the signal gamma-ray energy range was defined from 392 to 564 keV (twice the energy resolution). The bottom of Fig. 6 shows that the background noise is almost constant throughout the signal gamma-ray energy range.
Since R SN is required for the Optimization Criterion, the calculation was performed with the following procedures. For the cases, the number of detectors were assumed to be 64 × 64 and 32 × 32, as examples. As shown in Fig. 7 , the amount of background noise was calculated assuming that 2.22 MeV prompt gamma-rays were uniformly emitted from a tissue-equivalent phantom of 18 cmφ × 20 cm. A spherical tumor of 1 cm in diameter, located at the center of the phantom, was assumed to emit the prompt gamma-rays as signals. The energy range of the background noise was set at between 392 keV and 564 keV -the same energy range as the signal gamma-rays. Also, the average of all the detectors (64 × 64 or 32 × 32) was considered to be the amount of background noise. Figure 8 shows the results of a calculation when the concentration of 10 B of the tumor was taken to be 30 ppm. The arrow indicates the maximum value of R SN . Figure 8 shows that R SN becomes larger with increasing diameter of the collimator hole, and that R SN becomes smaller with thinning the septal thickness between the collimator holes.
RESULTS AND DISCUSSION
According to R SN obtained as mentioned above, optimization was performed using the Optimization Criterion in the case of 64 × 64 and 32 × 32 detector arrays. The results are shown in Fig. 9 . This figure indicates the optimal diameter of the collimator when the number of detectors is 64 × 64 is 2.8 mm, and that when the number of detectors is 32 × 32 is 5.1 mm. When the numbers of the detectors are compared, a 32 × 32 detector array, which has a smaller Optimization Criterion, is more statistically accurate. Since R SN can be influenced by the concentration of 10 B and the amount of background gamma-rays, the relationship between R SN and the Optimization Criterion was also studied. Taking account of the decrease in the signal gamma-rays due to the attenuation of the concentration of 10 B in a tumor and the increase in the concentration of 10 B in a tumor due to an improved boron compound, a calculation was made for the cases where R SN obtained in the above paragraph is multiplied by 0.01, 0.1, 10, and 100. Fig. 10 shows the results when the number of detectors is 32 × 32. It was confirmed that in all cases a collimator measuring 5.1 mm in diameter had the smallest Optimization Criterion, and that the optimal parameter remained unchanged even if R SN changed to some degree.
Using the same method, the relationship between the number of detectors and the small- With the above results, it is concluded that the optimal diameter of the collimator is 5.4 mm, the optimal length is 321 mm, and the optimal number of detectors is 31 × 31 for 1 cm-FWHM. 
CONCLUSION
In order to determine the parameters of the collimator system, especially for the PG-SPECT system, the Optimization Criterion, which takes the statistical accuracy into consideration, was introduced. When the spatial resolution required for the PG-SPECT measurements is determined, the parameters of the collimator can be determined using the Optimization Criterion. In the case that the spatial resolution is 1 cm-FWHM, optimal diameter of the collimator is 5.4 mm, the optimal length is 321 mm, and the optimal number of detectors is 31 × 31. In practical use, the size of a photomultiplier tube (PMT) should be taken into consideration, however, it will be clear by using a position-sensitive photomultiplier tube (PS-PMT). Although the BGO scintillation detector was used for this study, this Optimization Criterion can be applied to every type of detector. We are planning to study the spatial resolution required for the PG-SPECT measurements and the size of a detector which can be developed.
